Neurons typically settle at positions that match the location of their synaptic targets, creating topographic maps. In the spinal cord, the organization of motor neurons into discrete clusters is linked to the location of their muscle targets, establishing a topographic map of punctate design. To define the significance of motor pool organization for neuromuscular map formation, we assessed the role of cadherin-catenin signaling in motor neuron positioning and limb muscle innervation. We find that joint inactivation of b-and g-catenin scrambles motor neuron settling position in the spinal cord but fails to erode the predictive link between motor neuron transcriptional identity and muscle target. Inactivation of N-cadherin perturbs pool positioning in similar ways, albeit with reduced penetrance. These findings reveal that cadherin-catenin signaling directs motor pool patterning and imposes topographic order on an underlying identity-based neural map.
INTRODUCTION
In many regions of the central nervous system (CNS), the assembly of neurons into functional networks adheres to a preordained plan in which the identity and/or location of an individual neuron is inexorably linked to the position of its synaptic target, creating a neural map. Highly ordered maps, typified by retinal projections in the visual system, exhibit a continuously graded topography that links the position of neuronal cell bodies and synaptic targets along linear axes (Sperry, 1963; Luo and Flanagan, 2007) . A second class of topographic maps, exemplified by the divergent projections of nuclear subgroups in the amygdala (Pitkä nen et al., 1997) , assigns neuronal cell body position in punctate rather than linear coordinates, yet preserves the predictive link between neuronal position and innervation target. For a third class of maps, notably those found in olfactory systems, topography is cast aside and molecular identity rather than position binds sensory neurons to their target structures (Imai et al., 2010) . For topographic maps, however, it remains unclear if the precise positioning of neurons is a critical element in the formation of target connections, or is merely an incidental byproduct of circuit assembly.
The spatial order of CNS neurons is readily apparent in the spinal cord, where motor neurons serving different biomechanical functions are organized into circumscribed groups, each occupying an invariant location. The precision of motor neuron positioning is at its most intricate for circuits that control limb movement: each of the 50 or so muscles used in locomotion and object manipulation receives input from a dedicated set of motor neurons whose cell bodies are clustered into stereotypic pools (Romanes, 1964; Vanderhorst and Holstege, 1997) . The constancy of motor pool positioning has potential implications for the assembly of sensory-motor circuits; motor neuron position is predictive of sensory input specificity (Ladle et al., 2007) , as well as the pattern of muscle target innervation (Landmesser, 1978) . Thus, scrambling motor neuron position could uncouple the link between identity and muscle target or simply downgrade neuromuscular mapping to a state in which identity but not position is aligned with target connectivity. To date, however, it has not been possible to manipulate the position of motor neurons in a manner subtle enough to permit analysis of consequent alterations in patterns of target innervation.
Manipulating cell surface recognition systems that control the segregation and settling of motor neurons could help to define how neuronal position influences motor circuit assembly. Classical cadherins represent a prominent family of adhesion proteins expressed by spinal motor neurons (Price and Briscoe, 2004) . Manipulation of type II cadherin expression profiles in chick embryos disrupts the normal settling pattern of motor pools (Price et al., 2002; Patel et al., 2006) . Nevertheless, mice in which individual type II cadherins have been eliminated genetically exhibit no obvious defects in motor neuron positioning (E.Y.D., S. Price, N.Z., and T.M.J., unpublished data). Given the diversity of type II cadherins expressed by motor neurons (Price et al., 2002 ; this study), it is possible that residual profiles of cadherin expression are sufficient to maintain molecular and spatial distinctions between motor neuron subsets. Moreover, type I cadherins expressed by spinal motor neurons (Zelano et al., 2006) could also participate in motor neuron sorting.
To circumvent the cadherin diversity problem, we turned our attention to catenins, the primary intracellular transducers of classical cadherin-mediated adhesion and recognition (Kemler, 1993; Nelson, 2008) . Within the catenin family, the activities of b-and g-catenin can be distinguished from those of a-and d-catenin on the basis of different modes of interaction with the cytoplasmic domain of cadherins (Huber and Weis, 2001) . b-catenin is the most widely studied mediator of classical cadherin signaling, although g-catenin has similar activities in certain nonneural cell types (Butz et al., 1992; Zhurinsky et al., 2000) . But there has been no systematic exploration of the respective roles of b-and g-catenin as mediators of cadherin signaling in the developing CNS, nor of their potential role in motor neuron positioning and target connectivity.
In this study, we inactivated the cadherin-catenin signaling pathway in spinal motor neurons to assess the significance of motor neuron position in motor circuit assembly. Genetic inactivation of both b-and g-catenin, or of N-cadherin, disrupts motor neuron positioning. This degradation of positional order fails to undermine the predictive link between transcriptional identity, axonal trajectory, and muscle target selectivity. Thus, the clustering and positioning of cell bodies is not required for motor neuron subtypes to innervate appropriate target muscles. Nevertheless, the emergence of neuromuscular maps of topographic rather than identity-based design is dependent on cadherin-catenin signaling.
RESULTS

Overlapping Expression of b-and g-Catenin in Spinal Motor Neurons
To assess the involvement of catenins in motor neuron positioning and target topography, we examined b-and g-catenin expression profiles in mouse spinal cord between embryonic day (e) 9.5 and postnatal day (p) 0.
Broad expression of b-catenin mRNA and protein was detected from e9.5 (Figures 1A and 1B and Figures S1A and S1B available online) . In embryonic motor neurons marked by GFP expression in Hb9::GFP transgenic mice (Wichterle et al., 2002) , b-catenin protein was expressed at high levels on the cell surface, but at negligible levels in the cytoplasm ( Figures  1E and 1F) . From e10.5 to e11.5, expression of g-catenin was restricted to motor neurons, although blood vessels were labeled ( Figures 1C, 1D, 1M, and 1N ). From e12.5 onward, g-catenin was also expressed by neurons in other domains of the spinal cord ( Figures S1C and S1D) . In motor neurons, g-catenin protein was detected at highest levels in association with the cell surface, with lower levels in the cytoplasm ( Figures 1G and 1H) . Thus, band g-catenin are coexpressed by spinal motor neurons as they settle in distinct positions and establish axonal trajectories.
Eliminating b-and g-Catenin from Spinal Motor Neurons We evaluated the impact of inactivating b-and g-catenin genes from motor neurons. In mouse embryos, b-catenin activity is required at early developmental stages and constitutive b-catenin mutants die before motor neuron generation (Haegel et al., 1995) . To bypass this early requirement, we crossed mice carrying two copies of a floxed b-catenin (b-cat flox/flox ) allele (Brault et al., 2001 ) with an Olig2::Cre driver line that directs recombination in motor neuron progenitors (Dessaud et al., 2007) , to generate b DMN mice. We found that over 90% of motor neurons in b DMN mice lacked b-catenin transcript at e13.5, with no obvious loss from other spinal cells ( Figures 1I-1L ), and mutant mice died within 24 hr of birth (Table S1 ). Constitutive g-catenin (g
) mutant mice (Ruiz et al., 1996) died between e10.5 and e15.5 from heart defects (Table S1) , and revealed a complete loss of g-catenin mRNA and protein from embryonic motor neurons and other spinal cord cells ( Figures 1M-1P) .
We generated b-and g-catenin (Table S1 ), limiting analysis of motor neuron differentiation to defects evident by this developmental stage.
Motor Neuron Columnar Segregation in b-and g-Catenin
Mutant Embryos
We first assessed the impact of catenin activity on motor neuron differentiation through analysis of phenotypes in b-and g-catenin single, and b DMN g À/À double-mutant embryos. Motor neuron columnar classes ( Figure 2A ) were identified by transcription factor expression profiles (Dasen et al., 2008) . At lumbar levels, lateral motor column (LMC) neurons express FoxP1, whereas median motor column (MMC) neurons express Lhx3. At thoracic levels, hypaxial motor column (HMC) neurons coexpress Hb9 and Isl1/2 but not FoxP1 or Lhx3, and preganglionic column (PGC) neurons coexpress nNOS and pSMAD. The total number of spinal motor neurons generated from e10.5 to e13.5 was similar in control, b-and g-catenin single-mutant, and b DMN g À/À double-mutant embryos ( We next examined whether b-and g-catenin are required for the clustering and segregation of motor pools. We focused on motor pool complexes that occupy medial or lateral LMC divisions and are identifiable by expression of homeodomain and ETS transcription factors (De Marco Garcia and Jessell, 2008) . The adductor/gracilis (A/G) pool complex was identified by coexpression of Nkx6.1 and Er81; hamstring (H) pools by expression of Nkx6.1; vasti (V) pools by expression of Er81, and the rectus femoris/tensor fasciae latae (R/T) pool complex by expression of Nkx6.2 ( Figures 3I and 3K ). We detected no change in the number of motor neurons allocated to these pool complexes in b DMN g À/À embryos (data not shown).
To provide a quantitative assessment of motor pool organization, we used a pool mixing index (P mi ) to document neuronal neighbor identities in control and b DMN g À/À embryos. We first assessed the impact of b-and g-catenin inactivation on the clustering of motor pools that reside in different LMC divisions, analyzing the segregation of lateral R/T from medial H pools. In control embryos, R/T neurons were clustered in a position lateral to H neurons and exhibited a low incidence of intermixing (P mi (Table S4) . We did not observe interdivisional mixing of R/T and H pools in single b-and g-catenin mutants (Table S4) . Thus, neurons in motor pools that normally occupy different LMC divisions are intermingled in catenin mutants, a result consistent with divisional intermixing. We also examined whether the clustering and positioning of motor pools that reside within a single (lateral) LMC division are affected by the loss of b-and g-catenin activities. In control embryos neurons in R/T and V pools were tightly clustered and exhibited little intermixing (P mi [V/R/T] 0.26) (Figures 3K and 3M) , whereas in b DMN g À/À embryos neurons in these two pools were more scattered and extensively intermingled (P mi [V/R/T] 0.66; p < 0.0001 versus control) ( Figures 3L and 3M ). Intradivisional mixing of these pools was not observed in b-and g-catenin single mutants (Table S4) . Thus, the segregation of motor pools that normally occupy the same LMC division is also disrupted by the loss of motor neuron b-and g-catenin activities. In addition, we examined whether there are defects in motor pool position along the rostrocaudal axis of the spinal cord. Analysis of the position of molecularly defined motor pools at lumbar levels 2 (L2), L3, and L4 revealed that their rostrocaudal limits were preserved in b DMN g À/À embryos ( Figure S3 ). Thus, band g-catenin activities control intrasegmental but not rostrocaudal pool organization.
Motor Pool Identity Still Predicts Muscle Target in b-and g-Catenin Mutants
We next asked whether the disruption in motor pool positioning that accompanies the loss of b-and g-catenin activities erodes ) and b DMN g À/À embryos.
Motor neurons/100 mm: mean ± SEM (difference from control significant for MMC neurons; t test, p < 0.0001).
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the predictive link between motor neuron transcriptional identity, axonal trajectory, and limb muscle innervation. Figures 4N-4Q ). We also addressed the possibility that in catenin mutants motor neurons might be able to project to correct muscle targets only when they occupy positions coincident with their normal pool location. As a consequence, we examined the spatial distribution of retrogradely labeled motor neurons with reference to the total cohort of motor neurons within medial or lateral LMC divisions. We found that retrogradely labeled adductor magnus or rectus femoris motor neurons in b DMN g À/À embryos were not confined to a localized subdomain, and many were positioned far from their normal pool epicenter ( Figures 4M  and 4R ). Thus, the ectopic positioning of motor neurons in catenin mutants does not disturb the predictive link between molecular identity, axonal trajectory, and target muscle specificity. We also examined the impact of loss of b-and g-catenin activities on early stages of motor neuron dendritic development, focusing on adductor motor neurons, which exhibit a stereotypic radial dendritic architecture. In control embryos the dendrites of adductor motor neurons, delineated by muscle Rh-D injection at e14.5, were elongated and possessed approximately five primary branch points ( Figures S4C, S4D , and S4I-S4K). In b DMN g DMN embryos, both total dendritic length and primary branch number were reduced approximately 2-to 3-fold ( Figures  S4G, S4H , and S4I-S4K). Defects in dendritic length and branching were not observed in single b-and g-catenin mutant backgrounds ( Figures S4I-S4K ). Thus, b-and g-catenin also act redundantly to control early stages of motor neuron dendritic growth.
Motor Neuron Catenin Phenotypes Do Not Involve Wnt Signaling
Catenins have been implicated in Wnt as well as cadherin signaling (Nelson and Nusse, 2004) . Defining which cell surface Table S4 . For additional related data regarding b-and g-catenin activity in intersegmental pool organization, see Figure S3 .
signaling pathways engage catenins requires an assessment of the respective contributions of Wnts and cadherins to motor neuron cell body positioning. The absence of motor pool positioning defects in single b-catenin mutants, a condition that abolishes Wnt signaling in many mammalian cell types (Grigoryan et al., 2008) , already provides an argument against the involvement of Wnt signaling. Nevertheless, we used additional genetic strategies to examine whether embryonic motor neurons are exposed to Wnt signals, and whether their settling pattern is disrupted under conditions of deregulated Wnt signaling. To assess whether embryonic motor neurons respond to Wnt activity, we used a BAT-gal transgenic mouse line in which embryos, see Figure S4 .
a b-catenin-sensitive LEF/TCF transcriptional response element directs b-galactosidase (bgal) expression in cells exposed to Wnt signals (Maretto et al., 2003) . Analysis of BAT-gal mice at e10.5 revealed that fewer than 5% of motor neurons expressed b-gal, and from e11.5 to e14.5 b-gal was not detected in any spinal motor neurons ( Figures S5A-S5C  0 ). In contrast, many dorsal cells expressed b-gal ( Figures S5A-S5C 0 ), consistent with the known role of Wnt signaling in promoting the proliferation of dorsal spinal progenitors (Megason and McMahon, 2002) . We also studied mice in which the Wnt signaling pathway is constitutively activated by expression of a truncated b-catenin protein that accumulates in the nucleus and activates Wnt target genes, even in the absence of Wnt exposure (Harada et al., 1999) . We used an Olig2::Cre driver to express the floxed Catnb lox(ex3) constitutive allele selectively in motor neurons. Analysis of recombined Catnb lox(ex3) mice at e13.5
revealed an expansion of the motor neuron progenitor domain (data not shown), probably a reflection of the initial phase of transgene expression and activity in motor neuron progenitors (Megason and McMahon, 2002) . Nevertheless, we detected no change in the pattern of LMC columnar, divisional or pool segregation ( Figures S5D-S5I ). Together, these genetic manipulations argue against the idea that a disruption in Wnt signaling underlies the motor neuron phenotypes observed after loss of b-and g-catenin activities.
Catenins Regulate Localization and Function of Classical Cadherins
We next explored whether catenin regulation of LMC organization reflects the involvement of classical cadherins. The profile of expression of type I and type II cadherins is consistent with their involvement in motor neuron sorting. The type I cadherins N-cadherin (N-cad) and R-cad, the type II cadherins cad -6, cad-7, cad-8, cad-9, cad-10, cad-11, cad-12, cad-20, and cad-22 , as well as the divergent classical cadherin T-cad (cad-13), were expressed by spinal motor neurons between e10.5 and e15.5 ( Figure S6) . N-cad, cad-6, and cad-11 were expressed by all spinal motor neurons, with the remainder restricted to smaller subpopulations, such that individual motor columns and pools could be distinguished by cadherin expression profiles ( Figure S6 ).
We examined whether the loss of b-and g-catenin activities influences the localization of representative type I and II cadherins. In the spinal cord of e10.5 b DMN g À/À mice, we detected a marked reduction in the level of motor neuron surface N-cad ( Figures 5A-5D ). We also detected a decrease in surface N-cad on cultured motor neurons isolated from b DMN g À/À embryos, Figures 5N, 5N ', 5P, and 5R). Thus, catenins promote surface localization of classical cadherins in motor neurons. We tested N-cad function by monitoring neurite outgrowth from motor neurons isolated from e10. Figures 5G-5J ). Thus, motor neurons require b-and g-catenin activity for functional interaction with an N-cad cellular substrate. In contrast to N-cad substrates, we failed to detect an increase in neurite outgrowth when control motor neurons were grown on CHO cell lines stably expressing cad-6, cad-8, or cad-11 (data not shown), preventing us from evaluating the requirement for b-and g-catenin in type II cadherin function. For control data, examining the effect of Wnt signaling on motor neuron positioning, see Figure S5 .
N-Cadherin Inactivation Results in Catenin-like Phenotypes
The role of catenins as mediators of N-cadherin activity in vitro led us to ask whether elimination of motor neuron N-cadherin generates LMC neuronal phenotypes that resemble those observed in vivo after catenin inactivation. We crossed an Olig2::Cre driver line with mice carrying two floxed N-cadherin (N-cad fl/fl ) alleles (Kostetskii et al., 2005) , to generate N-cad DMN mice. Analysis of N-cad DMN embryos at e13.5 revealed a loss of N-cad expression from over 90% of motor neurons ( Figures  S7A-S7D ).
Many aspects of LMC organization were unaffected. The initial lateral migration of LMC neurons, as well as their segregation from MMC neurons, was resistant to the loss of motor neuron N-cadherin ( Figure 6A) (Figures S7F-S7H ).
In addition, motor pool clustering and positioning was disrupted by inactivation of N-cadherin, albeit less severely than in catenin mutants ( Figures 6A-6D and 6K ). In N-cad DMN embryos we (Figures 6C and 6D ; Table S4 ). In addition analysis of intradivisional pool mixing in N-cad DMN embryos
showed that neurons in the R/T and V pools were intermingled embryos ( Figure 6K ). Despite the disorganization of motor pool positioning, retrograde labeling studies in N-cad DMN embryos established that the link between motor neuron divisional and pool transcriptional identity and axonal trajectory was preserved ( Figures 6E-6J ). These findings show that motor pool organization depends on N-cadherin function. They also indicate that, as with catenins, the mispositioning of LMC neurons that accompanies inactivation of N-cadherin degrades neuromuscular mapping from a topographic to an identity-based plan.
DISCUSSION
The settling position of spinal motor pools has been conserved for over three hundred million years of tetrapod evolution, an elaborate feat of neural cell patterning that ensures the topographic organization of circuits for limb movement. The molecular mechanisms that control motor pool settling and the fundamental rationale for positioning pools with such fidelity have remained obscure. We present genetic evidence that the clustering and positioning of motor pools in the spinal cord depends on the overlapping activities of b-and g-catenin, and to an extent, on N-cadherin. We show that the loss of cadherin-catenin signaling erodes the predictive link between the position of a motor neuron cell body and the identity of its limb muscle target. But despite this breakdown in positional order, misplaced motor neurons continue to project to target muscles with a specificity that conforms to their transcriptional identity. Thus cadherin-catenin signaling provides a molecular foundation for the topographic design of spinal motor circuits. Why expend developmental energy on motor neuron positioning if there is no beneficial impact on the precision of target muscle innervation? The clustering of motor neurons into pools presumably facilitates the formation of gap junction channels between neurons with a common muscle target, thereby enhancing the coherence of motor neuron firing that is thought to stabilize neuromuscular connections (Personius et al., 2007) . In addition, recent studies indicate that motor pool positioning is a key step in the assignment of selective sensory-motor connectivity patterns (Surmeli et al., 2011 [this issue of Cell] ). Proprioceptive sensory afferents from individual muscles project their axons to discrete tiers along the dorsoventral axis of the spinal cord independently of the subtype identity or presence of motor neurons (Surmeli et al., 2011) . Thus, an additional purpose of pool positioning may be to ensure that motor neurons receive functionally appropriate inputs from sensory, and perhaps also from central, neurons.
Cadherin-Catenin Signaling and the Topographic Design of Neural Maps
All neural maps conform to a basic organizational plan in which neuronal identity is matched with target position. The existence of neural maps that spurn the potential benefits of stereotypic cell body positioning (Luo and Flanagan, 2007; Imai et al., 2010) raises the issue of whether the positional invariance associated with topographic maps is instrumental in directing neurons of a particular molecular character to specific targets. Our genetic findings on the assembly of a spinal motor map show that the precise positioning of neuronal cell bodies is not a requisite step in map formation-the transcriptional identity of ectopic motor neurons still predicts muscle target. Rather elimination of cadherin-catenin signaling downgrades the topographic organization of this map to an identity-based scheme, similar to that which operates normally in olfactory sensory systems (Figure 7 ) (Imai et al., 2010) .
Our findings also address the rationale for constructing some neural maps with topographic, and others with identity-based, plans. Linear topographic mapping is associated with primary sensory systems in which systematically ordered features of the sensory world-visual receptive field space and auditory tonotopy-are represented in corresponding neural coordinates that facilitate downstream processing (Luo and Flanagan, 2007) . In olfactory systems, where the rules of neuronal activation rely on selective chemical rather than spatially ordered stimuli (Imai et al., 2010) , sensory maps adhere to an identity-based rather than topographic plan. Other topographic maps, such as the motor connections studied here, are constructed along punctuate rather than linear design principles. Punctate topographic maps appear restricted to neurons of central rather than peripheral origin, perhaps because CNS neurons receive synaptic inputs from diverse neuronal sources. Adherence to a punctate topographic design may therefore simplify the task of patterning neural inputs in a way that conforms to the functional organization of output pathways.
Embryological studies in chick have previously examined how the positional displacement of limb innervating motor neurons influences patterns of muscle connectivity. After limited rostrocaudal inversions of the spinal cord, motor axons enter the limb at inappropriate positions but still innervate correct muscle targets (Lance-Jones and Landmesser, 1980) . In this experimental design, the local environment of motor neuron cell bodies remained constant, thus testing the consequences of a peripheral axonal mismatch, rather than a change in motor neuron positional coordinates. Nevertheless, these studies, together with our genetic analysis, support the view that the molecular Catenin-dependent positioning of motor pools promotes topographic motor mapping. In the absence of catenin function, neuromuscular mapping reverts to an identity-based plan. Moreover, catenins appear to control central but not peripheral programs of motor neuron patterning. Key: MMC neurons, brown; medial LMC neurons, red; lateral LMC neurons, green. identity rather than position of an individual motor neuron determines its muscle target selectivity.
Cadherin-Catenin Signaling and the Organization of Motor Pools
Our genetic findings show that the clustering and positioning of motor pools depend on the overlapping functions of b-and g-catenin, whereas earlier stages of motor neuron migration and columnar segregation appear much less severely affected. The redundant activities of b-and g-catenin in motor neuron positioning are noteworthy, given that most studies on the role of catenins during CNS development have focused on b-catenin (Grigoryan et al., 2008) . Our findings raise the possibility that g-catenin also has a widespread role in neuronal patterning. The unappreciated involvement of g-catenin could explain reported discrepancies in the impact of N-cadherin and b-catenin inactivation on programs of brain development. As one example, aspects of cortical neuronal differentiation appear more severely affected in N-cadherin than in b-catenin mutants (Machon et al., 2003; Kadowaki et al., 2007) .
Our findings also imply that classical cadherins function as surface adhesion receptors that engage motor neuron catenins. The defects in motor pool clustering and positioning in N-cadherin mutants indicate a prominent role for this type I cadherin in the assembly of motor circuits. Nevertheless, the partial nature of pool mixing phenotypes observed after N-cadherin inactivation implies the involvement of additional catenin-dependent surface proteins ( Figure 6K ). Type II cadherins are the most likely candidates as additional membrane recruiters of motor neuron catenins. In chick spinal cord, motor pools can be distinguished by type II cadherin expression profiles, and gain-and loss-of-function manipulations that normalize type II cadherin expression disrupt motor pool segregation (Price et al., 2002) . The motor pool specificity of type II cadherin expression is also evident in mouse, indicating conservation in this molecular feature of motor neuron diversity. Nevertheless, the complexity of motor pool cadherin profiles has confounded genetic attempts to examine the logic of type II cadherin specificity. Thus, we cannot exclude that other motor neuron surface proteins engage catenin signaling. Catenins have been shown to regulate the activity of nectins through indirect interactions via the actin cytoskeleton (Takai and Nakanishi, 2003) . In addition, reelin signaling engages cadherins and regulates the settling position of PGC neurons (Yip et al., 2009; Jossin and Cooper, 2011) , and could have a secondary role in the positioning of limb-innervating motor neurons (Palmesino et al., 2010) .
The emergent role of N-cadherin in motor pool sorting, taken together with prior studies on type II cadherins (Price et al., 2002) , argues that both main families of classical cadherins conspire in the control of motor neuron position. The nature of the joint involvement of type I and type II cadherins remains unclear, however. Higher order cadherin complexes are unlikely to contribute to motor neuron patterning, given structural data showing that type I/type II cadherin hetero-oligomers are prohibited (Patel et al., 2006) . More likely, engagement of N-cadherin and perhaps broadly expressed type II cadherins such as cad-6 and cad-11 could provide a basal level of adhesion that primes neuronal responses to more selectively expressed type II cadherins.
Cadherin-Catenin Signaling Reveals the Compartmental Nature of Motor Neuron Patterning Motor neurons can be distinguished from all other classes of neurons generated in the CNS by the fact that their axons extend into the periphery. As a consequence, motor circuit assembly demands that motor neurons establish functional connections with their target muscles in the context of peripheral cues, while their cell bodies and dendrites are patterned within a central matrix. The loss of catenin function perturbs the organization of motor pools, as well as dendritic arborization. In contrast, cadherin-catenin inactivation has no impact on the patterning of motor nerves in the limb, or on the selectivity of target muscle innervation. Thus, there is a fundamental molecular distinction in the workings of the central and peripheral programs of motor circuit assembly.
The dedicated role of catenin signaling in the somatodendritic patterning of motor neurons provides a counterpoint to recent studies on peripheral guidance cues for motor axons. Eph-mediated avoidance of ephrin ligands directs the dorsoventral trajectory of LMC axons in the developing limb (Kania and Jessell, 2003; Luria et al., 2008 ). Yet, the perturbation of Eph signaling has no impact on the divisional or pool segregation of LMC neurons (Kania and Jessell, 2003; Luria et al., 2008) . Thus, downstream of core transcriptional programs, topographic motor mapping appears to be mediated by compartmentally separable cadherin-catenin and Eph signaling modules (Figure 7) . In contrast, in mammalian cortex a single class of extrinsic cues, sempahorins, coordinately controls the dendritic and axonal patterning of pyramidal neurons (Polleux et al., 2000) . The existence of distinct somatodendritic and axonal patterning modules could therefore be a specialized feature of motor circuit assembly, prompted by the dual compartmental environment of motor neurons.
EXPERIMENTAL PROCEDURES
Mouse Strains g-Catenin conditional mutant (g-cat flox ) mice were generated by gene targeting ( Figure S1 ). Other mouse lines used: b-cat flox (Brault et al., 2001 ), g-cat À/À (Ruiz et al., 1996) , Olig2::Cre (Dessaud et al., 2007) , Hb9::eGFP (Wichterle et al., 2002) , BAT-gal (Maretto et al., 2003) , Catnb lox(ex3) (Harada et al., 1999) , and N-cad flox (Kostetskii et al., 2005) .
In Situ Hybridization Histochemistry and Immunohistochemistry
In situ hybridization histochemistry was performed on 12 mm cryostat sections using digoxigenin (DIG)-labeled cRNA probes (Dasen et al., 2008) . DNA templates for mouse E-cad, T-cad, cad-8, cad-10, cad-20, and cad-22 were provided by S. Price. Templates for b-cat, cad-6, and cad-11 were cloned from cDNAs. Templates for mouse cad À17, , and g-cat were generated by RT-PCR and cloned into pCR-TOPO vectors (Invitrogen). Antisense DIG-cRNA probes were generated from DNA templates, using a DIG RNA Labeling Kit (Roche). Immunohistochemistry was performed on 12 mm cryostat sections using fluorophore-conjugated secondary antibodies (Jackson Labs and Invitrogen). Images were acquired on a Zeiss LSM510 confocal microscope. Antibodies are described in Extended Experimental Procedures.
Analysis of Motor Neuron Clustering and Mixing
Neuronal mixing indices for segregation of LMC neurons are described in Extended Experimental Procedures.
Retrograde Labeling of Motor Neurons Embryos (e11.5 to e14.5) were injected with a 10% rhodamine-dextran (3K MW) solution into individual hindlimb muscles and incubated for 3-5 hr at 27 C before processing.
Motor Neurite Outgrowth
Motor neurons were derived from e10.5 embryos carrying an Hb9::GFP allele, and plated on a confluent monolayer of naive or N-cad-transfected CHO cells, and cultured for 16-20 hr in medium supplemented with trophic factors. GFP + neurite length was determined using MetaMorph software (Molecular Devices).
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